Vascular cell delivery PERSPECTIVE sources would provide. Two major issues must be considered with regard to mature endothelial cells. First, will they have the plasticity to affect a therapeutic endpoint, and second have they been altered as a result of the underlying disease process. Nonetheless, multiple sources of mature endothelial cells exist. Venous endothelium has been harvested and used to populate biomaterial or synthetic vascular grafts (Herring et al., 1978; Graham et al., 1979; Belden et al., 1982; Noishiki et al., 1990a; Noishiki et al., 1990b; Noishiki et al., 1992) , although endothelial cells may be quite limited in these settings (Zilla et al., 1987) .
Introduction
As the burden of cardiovascular disease grows worldwide, the search for new therapies includes the consideration of strategies based on delivery of cellular products. The development of these new therapeutics will require careful preclinical investigation involving the use of animal models of human disease. In many cellbased strategies as the patient is often the source of the cells, each therapeutic interaction is complicated by the qualities of the agent and the recipient. This factor and the fact that many reagents are not suitable for nonhuman species make preclinical studies potentially more difficult for cellular approaches. This perspective will focus on the importance of preclinical animal studies in the development of cell-based therapies for vascular disease.
Defining the burden and unmet needs of vascular disease
Vascular disease is the proximate cause of the major sources of morbidity and mortality in the western world and accounts for up to 30% of all deaths worldwide (International Cardiovascular Disease Statistics, 2008a) . One third of Americans have some form of cardiovascular disease, most with a vascular basis (International Cardiovascular Disease Statistics, 2008b) . The cost to care for these disorders in the USA is over $450,000,000,000 yearly. Atherosclerosis, atherothrombosis and hypertension may lead to myocardial infarction, stroke, renal failure and limb ischemia. Venous insufficiency, deep venous thrombosis and pulmonary embolism also account for significant morbidity and mortality as well. In spite of technologically advanced approaches to treat advanced vascular disease and some decline in recent mortality, the clinical burden remains enormous. Primary prevention strategies albeit effective are often limited by patient awareness, compliance and resources. As such, there are many opportunities in multiple vascular beds to improve current technologies or to develop novel therapies for patient populations for which no effective treatments exist.
In the area of coronary arterial circulation, some patients with symptomatic occlusive atherosclerosis are not be amenable to standard percutaneous or surgical approaches, and new ways to treat theses patients are required. We have recently identified a group of patients in a population-based study determined to be nonrevascularizable for symptomatic ischemic heart disease (Kiernan et al., 2007) . Estimates suggest that 50,000-100,000 such individuals would be identified yearly in the USA. Reasons for individuals not being suitable for revascularization include comorbidities, lack of suitable surgical targets and small vessel disease. Patients who have ischemic myocardial or peripheral territories subtended by vessels that cannot be stented or bypassed might benefit from the development of therapies that stimulate local angiogenesis or growth of new blood vessels into the ischemic territory . Alternatively, improving the results of angioplasty or stenting in vascular segments prone to restenose might extend therapies to new populations of patients.
In addition to obstructive vascular disease, ischemia resulting from microvascular or endothelial dysfunction is associated with morbidity and mortality (Suwaidi et al., 2000) . In spite of multiple pharmacological studies including ACE (angiotensinconverting enzyme) inhibitors (Mancini et al., 1996) , statins (Egashira et al., 1994) , and L-arginine (Lerman et al., 1998) as well as recent and ongoing studies of spinal cord stimulation (Eddicks et al., 2007) , no effective form of therapy for this disorder has been established.
The syndrome of pulmonary hypertension is a complex of disorders that includes primary disorders, such as primary pulmonary hypertension, and possibly secondary disorders as a result of chronic thromboembolism or hypoxia. Long-term therapies with prostacyclin or vasodilators may require chronic intravenous treatment. New approaches are needed to treat pulmonary hypertension broadly (Michelakis et al., 2008) .
Cell-based therapeutics are currently being developed for a wide array of unmet medical needs. As obstructive vascular disease is the major cause of mortality in the world, cell-based strategies aimed at developing novel therapies or improving current therapies are currently under study. These studies are based on the evolving understanding of the biology of vascular progenitor cells, which has in turn led to the availability of well-defined sources of vascular cells for delivery. Crucial to the development of these approaches is the preclinical testing of cell delivery in animal models. This review highlights the crucial steps involved in the selection of cell sources and generation, delivery approaches, animal models to be used, and endpoints to be studied, in the context of cell delivery for vascular disease. Furthermore, the development of cell delivery to induce angiogenesis in ischemic limbs and to improve the response to large vessel injury will be discussed.
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Obstructive peripheral vascular disease may lead to claudication, gangrene and amputation. Diabetes leads to microvascular dysfunction and ischemia. Bypass and stenting or angioplasty of peripheral vessels has the additional limitations of the external forces and compression. Therapeutic angiogenesis of the lower extremity has also been proposed and tested to improve blood supply to an ischemic limb (Powell et al., 2008) . Taken together and in spite of major advances in the treatment of obstructive vascular disease, there is a high likelihood that considerable unmet needs will exist in this area for the foreseeable future. As such, the search for novel therapeutics is critically important.
Cells as therapeutics
The history of cellular therapies is as old as blood transfusion. As such, it is an essential and commonplace part of modern medical practice. Of course the concept of cellular replacement therapy (and tissue transplantation) has been expanded to include transfer of numerous cell and tissue types for a vast array of indications. The key feature of these original cellular replacement therapies is that the cell of interest is generally reintroduced into the patient to serve its original function (i.e. red blood cell transfusion). Cellular therapeutics that utilize cells for a heterologous function are regulated as drugs in the USA and as such require a greater degree of preclinical data and approval prior to clinical use. Thus, whether autologous or allogeneic, isolated, cultured or modified, cellular products intended for functions different from their native function are met by high production and preclinical standards before human use.
Cells are attractive as therapeutics for many reasons. First, cells are multifunctional and their functions are highly regulated. Cells may have distinct autocrine, paracrine and endocrine effects or combinations thereof. The secretome of cells is complex and may be modified in a regulated and reproducible manner. Second, cells may have a natural tropism for target tissues. Third, multiple sources of donor cells exist. A single donor may provide a cell source that could be used for thousands of allogeneic doses. Alternatively, autologous sources of cells may provide a single dose for one time use. Fourth, cells may be modified in culture or genetically to provide unique potencies for therapy. These features have led to great enthusiasm for cellular therapies for meeting clinical needs.
Potential for cell therapy of vascular disease
How might cellular therapy be used in the vasculature? In consideration of unmet needs, cellular therapy might be used to broaden the spectrum of potential therapies or improve the efficacy of standard therapies. In the former category would be the delivery of endothelial cells or progenitors to induce angiogenesis in ischemic limbs. In the latter case, using cells to improve the vascular remodeling response to acute or chronic vascular injury (stenting, angioplasty, etc.) might allow for improved treatment of vascular beds with poor response to injury. Thus, arguably the two major vascular clinical needs -deficient small vessel angiogenesis in ischemic tissue and detrimental larger vessel arterial response to injury -might be addressable by cell therapy approaches. These approaches will be the focus of this perspective.
The primary concern of regulatory agencies (for Phase 1 studies) is the demonstration of safety, not efficacy, in preclinical studies. That being said, it is generally and broadly preferred to provide demonstration of efficacy of cell delivery in a clinically relevant preclinical model of disease prior to latter phase studies. As such, many questions must be answered before initiating such a study (or series of studies) and the following discussion is meant to highlight and clarify these questions. The crucial issues to address include defining the cell type and source (including species), the animal model and endpoints to be studied and the method of delivery (Box 1). These issues will be discussed in the context of angiogenesis for chronic limb ischemia and large vessel repair following vascular injury. What is the proliferative capacity of the cells that will be generated? How accessible is the vessel for device placement and/or regional cell delivery?
Cell types and sources
Study endpoints
How will efficacy be determined? How safe are the methods? What biodistribution of the stem cells is expected and how will it be measured? PERSPECTIVE sources would provide. Two major issues must be considered with regard to mature endothelial cells. First, will they have the plasticity to affect a therapeutic endpoint, and second have they been altered as a result of the underlying disease process. Nonetheless, multiple sources of mature endothelial cells exist. Venous endothelium has been harvested and used to populate biomaterial or synthetic vascular grafts (Herring et al., 1978; Graham et al., 1979; Belden et al., 1982; Noishiki et al., 1990a; Noishiki et al., 1990b; Noishiki et al., 1992) , although endothelial cells may be quite limited in these settings (Zilla et al., 1987) .
Adipose tissue contains two potent sources of endothelial cells, namely resident microvascular endothelial cells and adipose-derived stromal cells (Miranville et al., 2004; Planat-Benard et al., 2004; Fraser et al., 2006; Wosnitza et al., 2007; Traktuev et al., 2008) . In humans, the former may be defined as CD34+/CD45-cells that express CD31 and CD144. The adipose-derived stem cells (CD34+/CD45-/CD31-) share many properties with marrow stromal cells, are capable of endothelial differentiation, and are found in close proximity to endothelial cells (ECs) within adipose tissue.
Given differences in endothelial cell phenotype and function according to tissue, matching the cell source to the intended cell phenotype may be important. For example, microvascular endothelial cells derived from tissues such as adipose may be relevant for therapeutic angiogenesis, given their highly proliferative nature and higher tube-forming capacity compared with large artery endothelial cells. By contrast, using arteryderived endothelial cells for relocation to another arterial system might be advantageous given the relatively poor ability to form new capillaries. Highly angiogenic cells might in theory promote adventitial and neointimal proliferation, promoting plaque expansion. In addition, large arterial endothelial cells express much higher amounts of the anti-atherosclerotic protein endothelialspecific nitric oxide synthase (eNOS) compared with microvascular endothelium (Gulati et al., 2003a) . However, clinical applications of this approach may be limited by access to large arterial tissue.
The ability to generate cells with an endothelial phenotype from peripheral blood would greatly simplify the harvesting process. In 1963 Stump and colleagues (Stump et al., 1963) demonstrated that endothelial colonies could be generated on small patches of Dacron within the lumen of an aortic interposition graft, which led the authors to postulate circulating blood as the endothelial source. Modern studies of animal and human chimeras using genetic markers and tagging have revealed that bone marrow-derived circulating progenitors may contribute to both endothelial and intimal smooth muscle cell formation in multiple models of vascular injury (Shi et al., 1998; Sata and Walsh, 2003 ).
Asahara's landmark paper suggested that a CD34+ circulating cell subset contained endothelial precursor cells (EPCs) (Asahara et al., 1997) , and changed the field forever. They demonstrated that cells that were enriched for CD34 expression (at 15% purity) could be used to generate cells with an endothelial phenotype. Harraz and colleagues have suggested that the majority of cells exhibiting this phenotype were CD34 negative (Harraz et al., 2001) . We have demonstrated that the majority of these EPCs come from CD14+ monocytic cells in vitro (Gulati et al., 2003a) . This lack of clear and specific lineage definitions for EPCs has hindered the field significantly.
Data from these studies provide indirect evidence for the existence of circulating endothelial progenitor cells. The precise identification of immature circulating endothelial precursors, however, remains an ongoing area of investigation. Using blood from volunteers who had previously undergone sex-mismatched bone marrow transplantation, Lin and colleagues cultured peripheral blood mononuclear cells obtained (Lin et al., 2000) . Early in the culture period, they identified endothelial cells of the recipient's genotype and that were of low proliferative capacity, suggestive of mature endothelium. Following prolonged culture, endothelial colonies were generated that demonstrated a donor genotype. These so-called outgrowth endothelial cells (OEC) exhibited a high proliferative capacity beyond that of mature cells, which is consistent with the OECs originating from immature precursor cells derived from donor bone marrow. In addition, within circulating blood there are mature endothelial cells that are probably senescent and sloughed from resident vasculature (Solovey et al., 1997) .
With regard to cells from peripheral blood, when peripheral blood mononuclear cells (PBMCs) are cultured in endothelial conditions for 4-7 days, the population of cells is mixed, consisting predominantly of CD14+ monocytes, some of which express endothelial markers such as CD31 and von Willebrand factor (vWF) 
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and take up acetylated low-density lipoprotein (LDL) and bind Bandeiraea simplicifolia (BS)-lectin. These cells, which are phenotypically identical to those originally defined by Asahara et al. (Asahara et al., 1997) , have been referred to as EPCs. At later times under defined culture conditions, rare colonies of OECs arise from precursors within the original mixed population. OECs are both more homogeneous and more distinctly endothelial than EPCs morphologically, phenotypically and functionally (Gulati et al., 2003a; Hur et al., 2004) .
Morphologically, OECs produce colonies that resemble proliferating cobblestones in a monolayer which exhibit contact inhibition, and which are indistinguishable from mature human aortic endothelial cells in culture. By contrast, EPCs vary in morphology, show little or no proliferative capacity and do not form monolayers.
Phenotypically, unlike EPCs, OECs express endothelial-specific nitric oxide and caveolin-1, markers of a mature endothelial phenotype. In addition, OECs show more pronounced expression of VEGFR-2, VE-cadherin and CD-31 as examples and are uniformly negative for expression of CD14, a marker of the monocyte-macrophage lineage. EPCs, however, strongly express CD14 (Harraz et al., 2001; Gulati et al., 2003a; Hur et al., 2004) .
Functionally, both cell types have been used in animal models of vascular disease with success in promoting angiogenesis in ischemic tissue and in limiting the proliferative response to injury in large arteries, but probably through different mechanisms in each cell type.
When considering the cell source, the issue of species must be carefully considered for several reasons. If one is testing a strategy intended to be autologous in humans, it must be considered whether it should also be tested in an autologous fashion in animal studies. If so, one might be limited by species-specific reagents if cell isolation techniques are necessary. Alternatively, one could consider using a human cell product in an immunodeficient animal model. Yet, the immunodeficiency may affect the outcomes of the model selected and the response to the cell product. Finally for acute studies such as biodistribution, one might use an immunocompetent animal to provide this information. Obviously if one is using an inbred strain of animal, the autologous nature of cells could be replaced by using a syngeneic source, which might include harvesting from multiple animals.
Type of model
The ideal animal model for vascular cell therapy research should develop human-like atherosclerotic or ischemic disease in an accelerated fashion, have human-like cardiovascular physiology, have enough tissue reserve to allow generation of adequate numbers of autologous cells (e.g. blood volume, adipose mass) without physiological compromise, and have anatomy suitable for device access to the area under study. Clearly no all-encompassing experimental model exists. With regards to atherosclerosis, in humans this is a multifactorial disease involving a complex interplay between genetic and environmental components., In the case of large vessel injury, the goal in humans is the prevention of thrombosis and restenosis following angioplasty or stenting of an artery. Although combined genetic-environmental rodent models may more closely resemble human atherosclerotic disease, their size has a number of limitations.
Sites and mechanisms of injury
Murine injury models such as wire trauma to an iliac artery or tieoff of a carotid artery may be clinically relevant as sites of injury, but the mechanisms of injury differ significantly from dilation barotrauma produced during human angioplasty. In this regard, the murine aorta is of sufficient caliber to allow for balloon injury and stent placement, and is a widely studied model as a result, but the aortic site differs in response to injury compared with peripheral arteries and is therefore less clinically relevant. By virtue of size, the rat carotid artery appears appropriate in terms of site (carotid relevance) and diameter (accessible to balloon catheters), but is less appealing mechanistically in terms of resemblance to human atherosclerotic disease. Again, by virtue of size, when considering adjunctive device therapy, alternatives to clinical devices are used which may lack fidelity in replicating the process in humans. Finally, the rodents used are often relatively young compared with the age of human adults with clinically important disease. These differences may account for the lack of efficacy of most therapeutics tested in these models.
Generation of adequate cell numbers
With currently available in vitro cell harvest and culture techniques, post-natal murine tissues have in general been disappointing in terms of ability to generate adequate endothelial cell or progenitor numbers for study. Useable blood volume or tissue mass substrate is clearly limited given the animal size. Moreover, although we and others have had considerable success in generating highly proliferative endothelial colonies from rabbit, canine, porcine and human blood (Gulati et al., 2003a; Gulati et al., 2003b; Gulati et al., 2004) , our experience has been that murine peripheral blood, even when pooled to volumes of 10 milliliters or more, generate few colonies, which proliferate for one to two passages only (R.G. and R.D.S., unpublished).
In contrast to rodent models, larger animal models such as the pig lend themselves well to appropriate site and type-specific mechanical injury, device therapy and cell generation. However, such models generally lack underlying atheroma. Exceptions include cholesterol-fed and genetically mutant pigs, which produce atheroma that is not always consistent between animals (Lowe et al., 1988; Herrmann et al., 2003) , including hypercholesterolemia and hypertension. In studying chronic limb ischemia, similar issues apply. Induction of ischemia through ligation, embolization or removal of arteries is effective but acute and lacks the chronic disease background in humans. Given the limitations outlined above, in general, preclinical testing in multiple animal models is preferred during development of clinical applications.
Methods of cell delivery
In preclinical models of cell therapy, the methods of cell delivery should be as similar as possible to the proposed clinical application. However, even then species differences may exist, particularly if cells are given intravascularly. In the case of intended catheter delivery in humans, the size of the devices precludes rodent testing. In that case alternatives need to be selected for rodents and the catheter might be used in a larger animal such as a pig to determine catheter/cell compatibility, safety and biodistribution (Naimark et al., 2003) .
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Cell-enhanced repair following vascular injury
In 1978, Herring and colleagues were the first to evaluate the therapeutic use of autologous endothelial cells in a preclinical vascular model (Herring et al., 1978) . Harvested canine external jugular veins were digested to yield an endothelial cell suspension, and these cells were used to pre-coat (seed) Dacron vascular grafts ex vivo. Four weeks after implantation of grafts in the abdominal aortic position, 76% of the grafts that had been seeded with autologous venous endothelial cells were patent, compared with only 22% of the unseeded control grafts. This landmark study allowed the field to advance to clinical trials. Although venous cellseeded prosthetic infrainguinal graft studies have yielded promising initial results, the delay incurred by the burden of necessary culture expansion of endothelial cells may prove limiting (Meinhart et al., 2001 ).
Wilson and colleagues used the approach of autologous endothelial cell delivery to demonstrate the feasibility of gene delivery with cells as vectors (Wilson et al., 1989) . Prosthetic vascular grafts seeded with genetically modified canine endothelial cells, derived from autologous vein, were found to express the transgene 5 weeks after implantation. In the same year, Nabel and colleagues locally infused genetically modified endothelial cells following ilio-femoral arterial injury in a porcine model with transgene expression being evident at 4 weeks (Nabel et al., 1989) .
Following proof of principle that autologous endothelial cells could be delivered to native vasculature after injury (Nabel et al., 1989) , a series of studies were undertaken to evaluate the effect of venous cell delivery upon arterial structure and function (Berinyi et al., 1992; Thompson et al., 1993; Conte et al., 1994; Thompson et al., 1994; Conte et al., 1995) . Reimplantation of cells after arterial injury was associated with enhanced endothelialization. However, despite beneficial effects upon early vascular remodeling, one study showed no effect of venous endothelial cell delivery upon subsequent neointimal formation (Conte et al., 1995) .
More recently, Edelman and colleagues have extended the use of endothelial cell implants to include nonautologous and extraluminal delivery of endothelial cells (Nugent et al., 1999; Nugent and Edelman, 2001) . In a porcine model, porcine or bovine aortic endothelial cells were implanted in Gelfoam matrices in the perivascular space following injury. Cell delivery from both sources was shown to inhibit both restenosis and vascular thrombosis. However, bovine cell implants provoked an immune response at the site of implantation. Given the perivascular location of delivered cells, the studies suggest that the effects demonstrated are probably paracrine in nature.
With the re-ignited interest in the circulation as a source of endothelial cells, many studies have been performed highlighting the potential use of circulating cells to modify healing at sites of arterial injury. The first of these studies was performed in a splenectomized murine model. Werner and colleagues cultured spleen-derived cells toward an endothelial phenotype and demonstrated that intravenously infused cells homed to injured arterial segments. Systemic cell infusion was also associated with enhanced arterial re-endothelialization and inhibited neointimal formation following denuding injury (Werner et al., 2003) . Of note, without splenectomy, cell homing was predominantly to the spleen. Moreover, despite re-delivery to the spleen, vascular effects were not seen, suggesting that the mechanism of benefit in the splenectomy model was not endocrine in nature, i.e. cell localization at the artery wall is necessary for therapeutic efficacy. In a xenogeneic model, Fujiyama and colleagues transplanted defined populations of human mononuclear cells into balloon-injured arteries of athymic nude rats (Fujiyama et al., 2003) . This model system included systemic gene transfer of monocyte chemoattractant protein-1 (MCP-1) prior to cell transplantation. It was shown that local delivery of monocytes (CD34-CD14+) was associated with enhanced re-endothelialization and reduced neointimal formation compared with delivery of CD34+ cells and of unselected mononuclear cells. The coexpression of endothelial (but not monocytic) markers on pre-labeled cells detected at the site of injury was thought to indicate transdifferentiation of delivered monocytes into mature endothelium. However, fusion of delivered cells with resident endothelium was not excluded. Moreover, the role of MCP-1 is unclear. The complex model systems in both studies may limit both interpretation and relevance to clinical translation.
We and others have demonstrated the potential use of circulation-derived endothelial cells to improve vascular healing in a variety of pre-clinical models (Griese et al., 2003; Gulati et al., 2003b; He et al., 2004; Kong et al., 2004) . In our initial experiments, we used a New Zealand White rabbit model to generate cells with partial endothelial phenotype from peripheral blood by culturing isolated mononuclear cells for 7 days under defined conditions. These cells, similar to EPCs defined by Asahara and colleagues (Asahara et al., 1997) , were referred to as culture-modified mononuclear cells (CMMC). This population contains both monocyte-derived cells with endothelial features and a minority of precursors to outgrowth endothelial cells (OECs) (Gulati et al., 2003a) . A segment of carotid artery was clamp-isolated and injured with three passes of an inflated balloon catheter passed under direct vision through an arteriotomy. Vessel injury was followed by infusion of autologous, fluorescently labeled CMMCs through the arteriotomy with subsequent dwelling of the cell suspension in the absence of flow for 20 minutes. Following closure of the arteriotomy and removal of clamps to restore normal blood flow, animals were allowed to recover. At 4 weeks, evaluation of carotid cross sections revealed labeled cells lining the lumen and expressing markers of endothelial but not monocytic lineage. However, labeled cells were also detected in deeper layers expressing monocytic but not endothelial markers. Local infusion of CMMCs, therefore, appeared to result in cells in the arterial walls of both endothelial and macrophage phenotypes.
We then evaluated the effect of CMMC delivery on the response to vascular injury by comparing local delivery of a saline cell suspension immediately after balloon injury with saline alone as a control (Figs 1 and 2) . Carotid rings were examined in an organ chamber 4 weeks after balloon injury and cell delivery. CMMC delivery was associated with a marked improvement in endothelialdependent arterial relaxation compared with saline alone, although these responses did not achieve those of uninjured vessels. CMMC delivery was also associated with significantly enhanced reendothelialization and an ~50% reduction in neointimal formation as indexed by cross-sectional intima to media ratios (Gulati et al., 2003b) . However, the finding that delivered (labeled) cells were only a small minority of the resident cells 4 weeks after introduction Vascular cell delivery PERSPECTIVE might suggest a paracrine effect of the cells upon subsequent arterial behavior.
In a study by He and colleagues, also using the New Zealand White rabbit balloon injury model, near identical effects were reported (He et al., 2004) . Moreover, this group also demonstrated that the generated cells expressed a range of angiogenic factors including VEGF and FGF, raising the possibility that these may in part mediate the effects noted in both studies.
In addition to the delivery of a heterogeneous population of CMMCs (similar to EPCs reported by Asahara and colleagues), the delivery of outgrowth endothelial cells (OECs), a homogeneous population of distinct endothelial cells generated from peripheral blood, has also been studied. Kaushal and colleagues demonstrated that seeding of decellularized vascular grafts with OECs generated from sheep blood dramatically improved graft patency following implantation in an autologous fashion (Kaushal et al., 2001) . In fact, the carotid interposition grafts were shown to remain patent up to 130 days after implantation. We and others have used the New Zealand White rabbit balloon injury model to evaluate the effect of local autologous OEC delivery upon subsequent arterial healing (Griese et al., 2003; Gulati et al., 2004) . Given the distinctly endothelial nature of these cells, we hypothesized that delivery may modify the vascular response in an endothelial-dependent manner. We also evaluated the effect of (non-cultured) peripheral blood mononuclear cell (PBMC) delivery as an important control for cultured cell therapy. Our results, together with those of Griese and colleagues, indicated that OEC delivery reduced neointimal formation compared with delivery of both saline (Griese et al., 2003; Gulati et al., 2004) and PBMCs (Gulati et al., 2004) . Once again, despite potent effects, all studies indicated relatively poor long-term residence in comparison to input numbers, suggesting again that paracrine mechanisms probably underlie the vascular effects seen.
Although studies have compared the effects of CMMCs and OECs upon capillary neogenesis in a murine model, a comparison has not been undertaken in a larger arterial injury model. Retrospectively evaluating the functional and structural effects of OEC delivery and CMMC delivery (acknowledging that these were separate studies), the effects of each cell type appear almost identical (Gulati et al., 2003b; Gulati et al., 2004) . Given the more distinct and potent endothelial properties of OECs, as well as their delivery in ~10-fold greater numbers, it is perhaps surprising that OECs were not clearly superior in terms of modulating vascular healing. Whether there is a threshold for maximum benefit or whether CMMCs exhibit a more potent effect per cell, perhaps through paracrine factor secretion, remains to be determined.
Cell-mediated therapeutic angiogenesis
Within the original description of 'endothelial progenitor cells' by Asahara in 1997, there was demonstration of delivery of those cells in areas of hind limb ischemia resulting in angiogenesis in the affected limb (Asahara et al., 1997) . These studies used tail vein injection of labeled human cells into athymic mice and used (Gulati et al., 2003b) . Fig. 2 . CMMC delivery enhances endothelial-dependent vasorelaxation 4 weeks after balloon injury. To investigate the effect of CMMC delivery on vascular function, endothelial-dependent vasorelaxation of excised carotid rings was examined in an organ chamber at 4 weeks after injury. Following pre-contraction with phenylephrine, ring relaxation in response to incremental doses of acetylcholine was assessed. Vessels from CMMC-treated rabbits showed markedly enhanced vasoreactivity to acetylcholine. Data are expressed as mean % relaxation ±s.e.m. (*P<0.05 for CMMC vs saline-treated injured arteries). Uninjured left carotid arteries retained the largest responses ( † P<0.05 for maximal relaxation and EC 50 compared with CMMC rings). Figure  reprinted with permission from the American Heart Association journals (Gulati et al., 2003b) .
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histological assessment of the ischemic limb. Histology confirmed that the labeled cells assumed a perivascular position. That landmark paper concluded with a statement suggesting that these cells might provide 'treatment of regional ischemia. ' In a follow-up paper Kalka (Kalka et al., 2000) used laser doppler scanning to compare the effect of labeled human EPC delivery in a hind limb ischemia model in athymic mice. In this study cells were delivered via intramuscular injections and were found to localize in perivascular areas associated with enhanced angiogenesis. These papers set the stage for further studies utilizing different animal models, cell types and cell sources.
Endothelial cells from tissue sources have also been used. Adipose-derived stem cells have been shown to have distinct angiogenic properties, which include the ability to improve blood flow in a murine hind limb ischemia model (Miranville et al., 2004) . Additionally, adipose tissue contains mature endothelium which may also be used.
Although direct cellular effects have been implicated in the angiogenic effects of cell delivery, paracrine effects may also play a role. Iba and colleagues demonstrated that delivery of peripheral blood mononuclear cells and platelets had a significant angiogenic effect without any incorporation of cells into vascular structures (Iba et al., 2002) . Although often overlooked, the paracrine effect may be significant or even primary in other studies of cell delivery. Similarly Wragg and colleagues recently demonstrated that delivery of so-called multipotent adult progenitor cell-derived progenitor cells (MDPCs) induced angiogenesis by stimulating inflammation through an SDF-1-dependent mechanism (Wragg et al., 2008) .
Cell-mediated gene transfer has also been used to enhance angiogenesis (Iwaguro et al., 2002) . EPCs have been transduced to deliver VEGF to sites of ischemia. Transduction with VEGF allowed for lower doses of EPCs to be effective in the hind limb ischemia model in athymic mice. These studies lend great hope for developing cell-based therapeutics to induce angiogenesis.
Conclusion
Cell-based therapies for vascular disease are being developed to meet the needs of patients with severe vascular disease. Development of these therapies requires careful selection of cells that might possess the functional qualities required and testing of these cells in the most relevant animal models. Careful consideration should be given to the cells, cell source, species used, and delivery systems when designing preclinical animal studies. Additionally, the purpose of the study, determination of efficacy, safety, or biodistribution may dictate which animal models to utilize. When carefully considered, these studies should provide evidence to support the timely translation of these cell-based therapeutics to humans.
